
1.  Introduction
With the rapid development of China's economy, particulate pollution has become a common environmental 
issue. Severe haze events can endanger human health and impact local atmospheric visibility through aerosol 
direct radiative effects (Li et al., 2016; Su, Li, Zheng, et al., 2020; Y. Wang et al., 2017). However, the uncertainty 
of aerosol climate effects remains high due to the highly limited understanding of aerosol properties and their 
interactions with radiation, clouds, and precipitation, among others (IPCC, 2013; Stocker et al., 2013; Su, Li, Li, 
et al., 2020; Zhao et al., 2022).

The core problem of severe particulate pollution is the scattering of light by aerosol particles, affected by both 
pollutants (e.g., aerosol concentration, aerosol chemical species, and particle mixing state) (Covert et al., 1972; 
Pierangelo et al., 2004; L. Zhang et al., 2010) and meteorological factors (e.g., ambient relative humidity, RH) 
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(Hegg et al., 2002; McMurry, 2000). Under dry conditions, typically for ambient RH levels lower than 40%, 
aerosol concentration plays the most important role in determining aerosol optical properties, followed by the 
aerosol particle number size distribution (PNSD) and particle shape (Covert et al., 1972). Under high ambient RH 
conditions, the absorption of moisture by aerosol particles increases due to the hygroscopic particle components 
formed, for example, secondary aerosols (SA). Consequently, the aerosol liquid water content (ALWC) signifi-
cantly increases as ambient humidity increases depending on the aerosol chemical composition and mixing state. 
Numerous studies have reported that ALWC can contribute greatly to particle mass, comprising more than 50% 
of fine particles when ambient RH levels are greater than 70% (Bian et al., 2014; Jin et al., 2020; McMurry, 2000; 
Zhang & McMurry, 1993). Particles absorb water through hygroscopic growth, changing particle sizes, shapes, 
and inhomogeneities, thus enhancing the scattering of light by aerosol. This is because a large number of parti-
cles smaller than 1 μm grow as the ambient RH increases, becoming larger particles ranging in size from 0.5 to 
1 μm, which is more efficient for light scattering (Seinfeld & Pandis, 1998). Moreover, ALWC, which provides 
the medium for multiphase chemistry, can also facilitate the formation of SA, further enhancing the scattering 
of light by aerosol and influencing the aerosol direct radiative effect. Aerosol hygroscopic growth due to the 
enhanced aerosol hygroscopicity and the increase in humidity thus become the dominant factors influencing 
aerosol optical properties under high ambient humidity conditions. Hegg et al. (2002) reported the RH depend-
ence on the scattering of light by aerosol from three experimental venues over the Pacific Ocean. Tao et al. (2014) 
differentiated between ambient- and dry-state single-scattering albedos and their diurnal variations, which are 
highly sensitive to ambient humidity. Cheng et al. (2008) reported that particle scattering properties are highly 
dependent on environmental humidity and further investigated the impact of the swelling effect on the interaction 
between aerosols and radiation in the Pearl River Delta region. The considerable increase in the aerosol scattering 
coefficient (σsp) under ambient RH conditions caused by the hygroscopic effect was demonstrated by Yoon and 
Kim (2006). Understanding how these related factors (aerosol mass concentration, PNSD, hygroscopicity, and 
ambient RH) affect aerosol optical properties under different ambient conditions is thus crucial to quantify the 
aerosol direct radiative effect.

Previous studies have mainly investigated the importance of particle mass and meteorological conditions (e.g., 
RH) in determining aerosol optical properties separately. Less focus has been placed on understanding their 
relative importance. Using abundant field measurements collected in three megacities in China (Beijing [BJ], 
Nanjing [NJ], and Guangzhou [GZ]), the aerosol backscattering coefficient (βp) and its association with related 
impact factors (aerosol mass concentration, PNSD, hygroscopicity, and ambient RH) at these sites are differenti-
ated and quantified in this study, helping identify factors contributing the most to changes in βp under heavy pollu-
tion conditions. Both the methods and findings of this study are valuable for making sound policies in combating 
air pollution, especially in improving atmospheric visibility.

2.  Data and Measurements
2.1.  Sampling Sites

To understand the nucleation of aerosol particles, their hygroscopic growth and aging processes, and their impacts 
on particulate pollution, comprehensive field observations were carried out at three sites for specific time periods 
over several months (Figure 1): BJ (20 December 2018–10 February 2019), GZ (1 November 2019–31 January 
2020), and NJ (1 November 2020–31 January 2021). A general description of the observation campaigns and 
instruments deployed can be found in Li et al. (2019). Table 1 summarizes the observational time periods at the 
three sites. Observations from each site cannot directly represent aerosol properties and the atmospheric environ-
ment of a city but are still representative to a certain extent. All sites are located in eastern China, the most densely 
populated region of China, which has experienced rapid economic development in recent years. As a result, it is 
also an area with high emissions of aerosol gaseous precursors and primary particles, leading to heavy air pollu-
tion. The observation site in BJ is located in the southern suburbs of the city (39.81°N, 116.48°E), surrounded by 
the fifth Ring Road and industrial parks. Pollutants affecting the area include those from nearby industrial activ-
ities, traffic emissions, and transport from the southern part of the North China Plain (Ren et al., 2021; D. Zhang 
et al., 2022). The observation site in NJ is located in the northern suburban area of the city (32.20°N, 118.72°E), 
surrounded by several large-scale industries, for example, electric power, steel, and petrochemical plants. Indus-
trial emissions are the primary source of atmospheric aerosol particles here. The site is surrounded by busy high-
ways, so it is also affected by traffic emissions (Fan et al., 2021; D. Zhang et al., 2022). The observation site in 
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GZ is located in the southwest suburban area of the city (23.01°N, 113.33°E) near one of the largest entertainment 
parks in China called Changlong Paradise. This site is affected by small factories, traffic emissions, and nearby 
cooking emissions from a night market (Jin et al., 2022; T. Wu et al., 2022).

2.2.  Instrumentation at the Three Sites

Field measurements in BJ, NJ, and GZ were all carried out in a mobile container housing a set of instruments 
measuring various aerosol physical and chemical properties (Table 2), such as aerosol particle size by a Scanning 
Mobility Particle Sizer (SMPS), chemical species by an Aerosol Chemical Speciation Monitor (ACSM), and 
particle hygroscopicity by a Hygroscopicity Tandem Different Mobility Analyzer (H-TDMA), and a humidi-
fied nephelometer system (Aurora 3000, Ecotech). A particle mass concentration (PM2.5) cyclone was installed 
outside the container near the entrance of the injector. Inside the container, the internal temperature was main-
tained at ∼20–25°C using an air conditioner. A Nafion dryer (model PD-70T-24ss, Perma Pure Inc., USA) was 
used to keep the sampled air below 30% RH. A Li-COR 7500A system measured meteorological variables, such 
as air temperature (T), wind speed (WS) and direction (WD), atmospheric pressure, and RH. Quality-controlled 
PM2.5 data came from real-time PM observational data provided by the China National Environmental Monitor-
ing Center (China MEP, 2013).

The SMPS includes a DMA (model 3081A, TSI Inc.) and a condensation particle counter (model 3772, TSI Inc.) 
measuring PNSDs in the 10–600-nm size range at a 5-min time resolution.

The ACSM measures submicron non-refractory aerosol chemical components in real-time, mainly consisting of 
particulate ammonium (NH4 +), sulfate (SO4 2−), nitrate (NO3 −), chloride (Cl −), and organics (Org). The time reso-
lution of the ACSM is 15 min. Pure ammonium nitrate is used to calibrate and determine the ionization efficiency 

of the ACSM following the processes described by Jimenez et al. (2003). Ng 
et al. (2011) and Y. Zhang et al. (2016) provide more detailed descriptions of 
the principle behind and the calibration of the ACSM. A seven-wavelength 
aethalometer (model AE-33, Magee Scientific Corp.) measures black carbon 
(BC) at a 5-min time resolution.

A humidified nephelometer system (Aurora 3000, Ecotech) measures aerosol 
optical properties at three wavelengths (450, 525, and 635 nm) at a 1-min 
time resolution and the hygroscopic enhancement factor at a 45-min time 

Figure 1.  Locations of the three observation sites and images of their surroundings (inset figures): (a) Beijing, (b) Nanjing, 
and (c) Guangzhou.

Site Observational time period

BJ 12.20.2018–2.10.2019

NJ 11.01.2020–1.31.2021

GZ 11.01.2019–1.31.2020

Table 1 
Observational Time Periods at the Three Sites
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resolution for one loop of RH ranging from 40% to 90%. Aerosol optical properties are measured under dry condi-
tions (i.e., σsp,dry and βp,dry, Mm −1) by a nephelometer. The ranges of observational angle in the measurements of 
σsp,dry and βp,dry are 9°–170° and 90°–170°, respectively. βp,dry (Mm −1) at 525 nm was used in this study. Using the 
corresponding hygroscopic enhancement factor, aerosol optical properties under ambient humidity conditions 
(i.e., σsp,RH and βp,RH) can be calculated. Here, βp,RH is used for further analysis.

3.  Methodology
3.1.  Hygroscopicity Parameter, κ

As proposed by Petters and Kreidenweis (2007), according to the Zdanovskii–Stokes–Robinson (ZSR) mixing 
rule, the particle hygroscopicity parameter κ can be calculated for an assumed internal mixture (Stokes & 
Robinson, 1966):

� =
∑

�
����,� (1)

where εi denotes the volume fraction of the ith particle species, and κi represents the hygroscopicity param-
eter of the ith particle species. The hygroscopicity parameter κ is dimensionless. Previous studies based on 
field measurements and laboratory experiments have shown that the composition of submicron particles is 
dominated by Org, followed by NO3  −, NH4 +, and SO4 2−. The contributions of Cl − and dust are negligible 
(Levin et al., 2014; Malm et al., 2009; Whitby, 1978; F. Zhang et al., 2014). Therefore, only Org, ammonium 
nitrate (NH4NO3), sulfuric acid (H2SO4), ammonium sulfate [(NH4)2SO4], ammonium hydrogen sulfate 
(NH4HSO4), and BC were considered in this study. The aerosol hygroscopicity parameter here is thus the 
volume average of these six aerosol components. Using the mass concentrations of these species measured 
by the ACSM, the volume fraction of each species can be calculated as the ratio of the mass concentration 
to the corresponding density. The densities (g cm −3) of Org, H2SO4, (NH4)2SO4, NH4HSO4, NH4NO3, and BC 
were assumed to be 1.4, 1.83, 1.76, 1.78, 1.725, and 1.7, respectively (Petters & Kreidenweis, 2007; Topping 
et al., 2005; Z. J. Wu et al., 2016). The κ values of Org, NH4NO3, H2SO4, (NH4)2SO4, and NH4HSO4 were 
0.1, 0.58, 1.19, 0.48, and 0.56, respectively (Mei et al., 2013; Nguyen et al., 2016; Y. Wang et al., 2017; 
Wex et al., 2009).

3.2.  ALWC Simulations

The ALWC denotes the amount of liquid water contained in aerosol droplet particles, modeled here using the 
thermodynamic equilibrium model ISORROPIA II proposed by Fountoukis and Nenes  (2007). Inputs to the 
model include inorganic species obtained from the ACSM and the corresponding ambient humidity and tempera-
ture. The model was set up to the reverse mode and in the metastable phase state. The simulated ALWC contains 
a certain degree of uncertainty incurred by neglecting the contribution of organic matter in the model (Fountoukis 
& Nenes, 2007). The Org species play a critical role in ultrafine particles smaller than 100 nm only, accounting 
for a few percent of the total water uptake (Gysel et al., 2007; Xue et al., 2016). Previous studies have validated 
results computed by the ISORROPIA II model with those computed from particle hygroscopicity measurements 
(Jin et al., 2022; Lin et al., 2014). The model assumes that the aerosol hygroscopicity has no effect on ambient 
vapor pressure and neglects the Kelvin effect in the κ-Köhler theory (Fountoukis & Nenes, 2007). This may influ-
ence the water uptake of the Aitken mode, but the influence is overall small (Zieger et al., 2017). Consequently, 

Measurement Time resolution Measurement accuracy

SMPS PNSD 5 min Diameter: ±3%; number: ±5%

ACSM Aerosol chemical composition 15 min Org: ±0.5 μg m −3; Inorg: ±0.2 μg m −3

Aurora 3000 Light scattering (9°-170°) 1 min ±2 Mm −1

Backscattering (90°-170°) 1 min ±2 Mm −1

Table 2 
Instruments Deployed at Each Site
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the water activity (aw, %), defined as the effective mole fraction of water, is assumed to be equal to the ambient 
RH (Seinfeld & Pandis, 2006) in the model:

a𝑤𝑤 = RH� (2)

According to the ZSR mixing rule, the ALWC (μg m −3) can then be derived as (Stokes & Robinson, 1966):

ALWC =
∑

�

��

�0�(��)
� (3)

where Mi and m0i(aw) represent the mole concentration and the corresponding molality of the binary solution of 
the ith species under the same aw with a complex solution, respectively. The ALWC values modeled by the ISOR-
ROPIA II model here are thus used to gain insight into the influence of aerosol liquid water on the scattering of 
light by aerosol at the three sites.

3.3.  The Contributions of Humidity, PM2.5, and κ to Variations in βp, RH

βp is mainly influenced by the ambient humidity, aerosol particle accumulation (PM2.5 and particle size distribu-
tion), and κ. The observational data were divided into three categories based on mass concentration and weather 
conditions: clean conditions (PM2.5 < 75 μg m −3), polluted conditions (75 μg m −3 < PM2.5 < 120 μg m −3), and 
heavily polluted conditions (PM2.5 > 120 μg m −3) (Pan et al., 2018; Yang et al., 2021). Sensitivity tests of the 
PM2.5 thresholds for dividing pollution levels were carried out. Table 3 shows that results based on different PM2.5 
mass concentrations are not sensitive to the thresholds. Based on the discussion in Section 4.3, the effect of parti-
cle size distribution on backscattering under the same ambient conditions (i.e., clean conditions) is very small. 
The contributions of humidity, particle mass concentration, and chemical composition to the variabilities in aero-
sol backscattering in these three categories can then be calculated (Cui et al., 2021; Huang & Yi, 1991). Briefly, 
βp is expressed as a function of three parameters, that is, humidity, aerosol mass concentration, and chemical 
composition. The absolute changes in βp due to RH (𝐴𝐴 ΔβP(𝑅𝑅𝑅𝑅) ), PM2.5 (𝐴𝐴 ΔβP(𝑅𝑅𝑅𝑅) ), and κ (𝐴𝐴 ΔβP(𝜅𝜅) ) are calculated 
based on the control variable method. Specifically, the PM2.5 mass concentration and κ are set to constant values, 
for example, PM2.5 = 50 μg m −3 and κ = 0.3, to screen out ambient RH and βp values under the same PM2.5 and κ 
conditions based on all observational data. The absolute change in βp due to ambient RH is calculated as

Δ𝛽𝛽P(𝑅𝑅𝑅𝑅) = 𝑓𝑓 (𝑅𝑅𝑅𝑅𝑅 𝑅𝑅𝑅𝑅0, 𝜅𝜅0),� (4)

where PM0 and κ0 represent constant values of PM2.5 mass concentration and κ, respectively. Similarly, the abso-
lute change in βp due to PM2.5 mass concentration and κ can also be calculated:

Δ𝛽𝛽P(𝑃𝑃𝑃𝑃) = 𝑓𝑓 (𝑅𝑅𝑅𝑅0, 𝑃𝑃𝑃𝑃𝑃 𝑃𝑃0),� (5)

Δ𝛽𝛽P(𝜅𝜅) = 𝑓𝑓 (𝑅𝑅𝑅𝑅0, 𝑃𝑃𝑃𝑃0, 𝜅𝜅),� (6)

where RH0 represents constant values of RH. The relationships between βp and PM2.5 and βp and κ are both linear, 
and that between βp and ambient RH is exponential (Jin et al., 2022). Changes in βp as a function of ambient 
humidity, particle mass concentration, and hygroscopicity can then jointly be expressed as:

Δ𝛽𝛽P(𝑅𝑅𝑅𝑅𝑅 𝑅𝑅𝑅𝑅𝑅 𝑅𝑅) = 𝑎𝑎 ⋅ Δ𝛽𝛽P(𝑅𝑅𝑅𝑅) + 𝑏𝑏 ⋅ Δ𝛽𝛽P(𝑃𝑃𝑃𝑃) + 𝑐𝑐 ⋅ Δ𝛽𝛽P(𝜅𝜅),� (7)

Clean Pollution Heavy pollution

βp (Mm −1) −10 μg m −3 +10 μg m −3 −10 μg m −3 +10 μg m −3 −10 μg m −3 +10 μg m −3

1.9% 1.8% 1.2% 0.9% 1.8% 1.6%

RH (%) 0.38% 0.16% 0.69% 1.0% 1.2% 0.11%

κ 0.06% 0.16% 0.67% 0.28% 0.49% 0.12%

Table 3 
Sensitivity Test of PM2.5 Thresholds for Determining Pollution Levels: 𝐴𝐴

threshold±10−threshold

threshold
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Multiple linear regression is applied to deduce the corresponding coefficient of each parameter, that is, a, b, and 
c. Finally, the respective contributions of ambient humidity, aerosol mass concentration, and hygroscopicity to 
variations in backscattering can be calculated. Jin et al. (2022) provided detailed descriptions of the fitting and 
calculation processes.

4.  Results and Discussion
4.1.  Overview

Figures 2–4 show the time series of meteorological variables and aerosol-related parameters in BJ, NJ, and GZ. 
Ambient RH and T had significant diurnal variations at the three sites (Figures 2–4a). Diurnal changes in ambient 
RH and T in NJ were particularly small over periods of several days, with sustained high ambient humidity levels 
and small temperature fluctuations (Figure 3a). This is partly because RH in eastern China climatically increases 
with latitude (Xu et al., 2020). Figure 2b shows the time series of WS and the corresponding WD in BJ. When 
the prevailing WD was from the south, polluted air masses with high humidity were transported to BJ, fostering 
the rapid formation, growth, and aging of SA in BJ (Jin et al., 2020; Sun et al., 2012). However, clean and dry 
air masses were transported to BJ as the wind changed to strong northerly winds, facilitating the rapid removal 
of pollutants (Figures 2a and 2e). These results suggest that heavy haze and the local WD in BJ are highly corre-
lated. This was not seen in NJ and GZ (Figures 3 and 4b). Figures 2–4c show the time series of ALWC and βp 
at the three sites. The temporal changes in βp are consistent with those in ALWC in BJ, NJ, and GZ, suggesting 
the significant impact of the hygroscopic effect of particles on aerosol backscattering (Kuang et al., 2016; Xu 
et al., 2020). Figure 5 shows the average values of βp and ALWC at the three sites. On average, βp in BJ was the 
highest (54 ± 68 Mm −1

), followed by that in NJ (39 ± 28 Mm −1) and GZ (30 ± 17 Mm −1) (Figure 5a). The average 
ALWC in NJ was 39 ± 110 μg m −3, much higher than that in BJ (15 ± 75 μg m −3) and GZ (9 ± 10 μg m −3). Such 
a difference is expected to be jointly affected by the aerosol mass concentration, hygroscopicity, and ambient 
RH. Figure 6a shows that the average particle mass concentrations in BJ, NJ, and GZ were 56 ± 73, 47 ± 28, and 

Figure 2.  Time series of (a) air temperature (T) and ambient relative humidity (RH), (b) wind speed (WS, dots) and wind direction (WD, color of the dot), (c) aerosol 
liquid water content (ALWC) and aerosol backscattering coefficient (βp), (d) aerosol hygroscopicity (κ) and secondary inorganics (SIA) mass fraction, and (e) mass 
concentrations of different aerosol chemical components in Beijing during the experiment.
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43 ± 26 μg m −3, respectively, illustrating more severe pollution conditions in BJ than in NJ and GZ. This is partly 
related to the outbreak of the COVID-19 epidemic that occurred during the sampling period in GZ, leading to 
lockdowns in China. The observational period in NJ was in the late stage of the epidemic when major entertain-
ment venues, industries, and institutions had all opened normally. This suggests that controlling local emissions 
can effectively suppress pollution processes (X. Liu et al., 2008; Y. Wang et al., 2017). The ambient RH in NJ 
was systematically higher than in BJ and GZ (Figures 2–4a). The average RH in NJ was 70% ± 24%, much higher 
than in GZ (54% ± 18%) and BJ (27% ± 19%) (Figure 6b). Figure 6c shows the average aerosol hygroscopicity at 

Figure 3.  Same as Figure 2 but in Nanjing.

Figure 4.  Same as Figure 2 but in Guangzhou.
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the three sites, with the highest values in NJ (0.37 ± 0.06), followed by BJ (0.30 ± 0.06) and GZ (0.27 ± 0.05), 
suggesting differences in the aerosol chemical composition at the three sites.

Figures 2–4e show the time series of aerosol chemical composition (Org, SO4 2−, NO3 −, NH4 +, and Cl −) in BJ, 
NJ, and GZ, respectively. Org dominated the PM2.5 mass concentration, accounting for 52%, 40%, and 57% of 
the total mass concentrations in BJ, NJ, and GZ, respectively. The mass fractions of highly hygroscopic species, 
for example, SO4 2− and NO3 −, in NJ (31% and 18%, respectively) were much higher than in BJ (21% and 10%, 
respectively) and GZ (17% and 12%, respectively). Figures 2–4d show the time series of κ and secondary inorgan-
ics (SIA) mass fraction derived from the chemical composition at the three sites, illustrating that their respective 
trends agree well. This indicates the importance of the mass fraction of SIA in determining aerosol hygroscopic-
ity. Accordingly, κ in NJ was much stronger than in BJ and GZ. Also observed in BJ was the gradual enhancement 
of κ as air pollution formed and ALWC and ambient RH increased (Figure 2). This is partly related to Henry's 
law and the positive feedback between κ and ALWC (Volkamer et al., 2007; Z. Wu et al., 2018). Henry's law as 
the driver would force reaching thermodynamic equilibrium, enhancing the aerosol swelling effect. So, with an 
increase in ambient humidity, the absorption of moisture by aerosol particles and the partitioning of gas-phase 
pollutants, such as dinitrogen pentoxide and sulfur dioxide, to the condensed phase is accelerated. A large 
number of SA formed through liquid-phase chemical reactions contribute to enhancing aerosol hygroscopicity. 
This phenomenon also occurred in NJ and GZ but not as significantly as in BJ. These results demonstrate the 
important effect of atmospheric chemical processes on aerosol backscattering, except for ambient humidity and 
the emission of primary particles. The ALWC is mostly influenced by ambient humidity and particle chemical 
components (Tan et al., 2017). The corresponding ALWC in NJ was the highest even though there was rela-
tively light pollution and a lower particle mass concentration than in BJ. Note that the ALWCs in BJ and NJ had 
large standard deviations (Figure 5b), mainly affected by variations in aerosol mass concentration and ambient 
RH (Figure 6b). From Figures 5 and 6, RH in GZ was higher than in BJ, but ALWC was less than that in BJ. 
This is mainly caused by the combined impact of the low aerosol loading and weak hygroscopicity in GZ. This 
demonstrates that ALWC cannot easily form in a clean atmosphere and under weak hygroscopic conditions even 

Figure 5.  Average values and standard deviations of (a) aerosol backscattering coefficient (βp) and (b) aerosol liquid water 
content (ALWC) at the three sites during their respective observational periods: Beijing (BJ), Nanjing (NJ), and Guangzhou (GZ).

Figure 6.  Average values and standard deviations of (a) PM2.5 mass concentration, (b) ambient relative humidity (RH), and 
(c) aerosol hygroscopicity parameter (κ) at the three sites: Beijing (BJ), Nanjing (NJ), and Guangzhou (GZ).
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though sufficient moisture is present for particles to absorb (Chen et al., 2014; Ma et al., 2014). This indicates 
that ALWC, affected by humidity, fine-mode particle concentration, and chemical composition, has a significant 
effect on the scattering of light by aerosol.

4.2.  Correlation Analysis Between βp and Aerosol Mass Concentration

Figure 7 shows the relationships between βp and particle mass concentration differentiated by ALWC in BJ, NJ, 
and GZ. The coefficients of determination (R 2) between aerosol backscattering and particle mass concentration 
in BJ, NJ, and GZ are 0.94, 0.68, and 0.88, respectively. The aerosol backscattering correlates well with particle 
mass concentration in BJ and GZ but has a relatively weaker correlation in NJ. Such a difference is partly due 
to the influence of the hygroscopic growth process on aerosol backscattering. βp gradually increases as ALWC 
increases under the same particle mass concentration conditions in BJ, NJ, and GZ. Furthermore, the increases 
were more significant as ALWC increased under high particle mass concentration conditions. However, as heavy 
haze events formed, the variation in βp with ALWC differed in BJ, NJ, and GZ. Figure 7a shows that under low 
PM2.5 mass concentration conditions in BJ, ALWC was very small, and βp was highly correlated with the particle 
mass concentration. With the development of air pollution, a sharp rise in ALWC was observed (Figure 7a). This 
is likely because ALWC is mainly affected by ambient RH and aerosol hygroscopicity. In BJ, clean conditions 
are always accompanied by strong northerly winds that bring in clean, dry air masses (T. Wang et al., 2010). 
This is not conducive to the formation of ALWC. Polluted conditions are always accompanied by weak south-
erly winds that are associated with polluted, humid air masses, beneficial to the formation of SA and ALWC (T. 
Wang et al., 2010). These results suggest that ALWC is highly correlated with pollution in BJ. βp in BJ is thus 
highly correlated with aerosol mass concentration, affected by ambient RH and aerosol hygroscopicity. The rela-
tively weak correlation between aerosol scattering and mass concentration in NJ is caused by the high ambient 
humidity during the observational period. Note that the ALWC in NJ was as much as five times greater than 
in BJ (Figure 7b). Noticeably different from BJ, high ALWC values were observed during clean and polluted 
periods in NJ (Figure 7b), related to the high ambient RH levels observed under clean and polluted conditions 
(Figure 3a). The high uptake of liquid water by aerosol particles under low PM2.5 mass concentration conditions 
would change their size and shape, further increasing the scattering of light by aerosol. Accordingly, βp varied 
strongly under low aerosol mass concentration conditions, with the variation more significant under high aerosol 
mass concentration conditions in NJ, making the correlation between aerosol backscattering and aerosol particle 
mass concentration much weaker than in BJ. These results point to different formation mechanisms of pollution in 
BJ and NJ. The formation of heavy pollution in BJ is highly dependent on a high humidity environment, while in 
NJ, there was no such dependence on ambient humidity. Figure 7c shows that the ALWC in GZ was much lower 
than in BJ and NJ. This is likely linked to the much lower aerosol hygroscopicity during the sampling period 
in GZ, leading to a good correlation between βp and aerosol loading in GZ. Particle hygroscopic growth is thus 
relatively weaker, and ALWC is not easily formed under clean conditions.

Figure 7.  Aerosol backscattering coefficient (βp) as a function of PM2.5 mass concentration at the three sites: (a) Beijing (BJ), (b) Nanjing (NJ), and (c) Guangzhou 
(GZ). The red lines are the best-fit lines from linear regression. The slope of the best-fit line and the coefficient of determination are given in each panel. Increasing 
symbol sizes represent increasing aerosol liquid water contents.
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4.3.  Comparison of the Sensitivity of βp to Related Factors in BJ, NJ, and GZ

4.3.1.  The Impact of Particle Size Distribution on βp

In addition to ambient humidity, particle concentration, and hygroscopicity, aerosol scattering is also affected 
by aerosol particle size distribution. Figure 8a shows the average PNSDs under dry conditions at BJ, NJ, and 
GZ. Note that the three PNSDs all had two peaks, but particle sizes and number concentrations correspond-
ing to the two peaks differed among the three sites. Particles with diameters of ∼40 nm denote locally emit-
ted primary particles, and particles with diameters of ∼150 nm represent regionally transported particles (Y. 
Wang et  al.,  2017; F. Zhang et  al.,  2017). In BJ and GZ, the average PNSDs had a single dominant peak at 
∼20 nm, suggesting large emissions of local small hydrophobic particles (e.g., traffic and cooking emissions) 
with externally mixed low hygroscopicity. However, the second peak in BJ (∼150 nm) was larger than that in GZ 
(∼100 nm), indicating more aged particles and consequently higher κ values in BJ. Number concentrations were 
the highest in BJ, particularly for small particles. Noticeably different from BJ and GZ, the average PNSD in NJ 
had dominant peaks at ∼40 and ∼150 nm, likely affected by a mixture of primary hydrophobic and secondary 
hygroscopic particles. Aerosol particles in NJ were thus much more hygroscopic than at the other two sites (also 
shown in Figure 6c).

The relative contributions of the particle size distribution to changes in backscattering according to Mie scat-
tering theory at the three sites were examined next (Figure 8b) (Bohren & Huffman, 2007; Jin et al., 2022). All 
available observed PNSD data were first collected. The PM2.5 and aerosol hygroscopicity values were both fixed, 
equal to their respective mean values at the three sites. Aerosol backscattering properties were then calculated 
according to Mie scattering theory based on the different PNSDs at each site. We defined the average contribution 
of the shape of the PNSD to changes in backscattering as the ratio of the standard deviation to the mean value of 
the calculated βp derived from the three sites. Figure 8b shows the overall impact of the aerosol size distribution 
on aerosol backscattering for four different RH values at the three sites. The mean values of the contributions 
to aerosol backscattering in GZ were 8.19%, 7.92%, 7.27%, and 6.52% for RH levels 60%, 70%, 80%, and 90%, 
respectively. This demonstrates that the particle size distribution played a relatively weak role in influencing 
particle backscattering under the same particle mass concentration conditions during the sampling period in GZ. 
However, for BJ (NJ), the contributions were 19.24% (12.43%), 18.32% (10.62%), 17.68% (9.73%), and 16.12% 
(7.89%) for RH levels 60%, 70%, 80%, and 90%, respectively, much higher than in GZ. This indicates that the 
impact of particle size distribution on particle backscattering in BJ and NJ was much stronger than in GZ.

4.3.2.  The Impact of RH and κ on Hygroscopic Growth

To further compare differences in the impact of RH and κ on hygroscopic growth among the three sites, average 
RH, κ, particle depolarization ratio (δp, dimensionless), PNSD, and average mass fractions of aerosol chemical 
components under clean, polluted, and heavily polluted conditions were examined (Figure 9). With the formation 
and development of pollution, the ambient RH and aerosol hygroscopicity gradually increased in BJ, reaching 
their highest values under heavy pollution conditions (Figure 9a). Correspondingly, a gradual decrease in δp was 

Figure 8.  (a) Average aerosol particle number size distributions (PNSDs) and (b) average contributions of PNSDs to changes 
in aerosol backscattering coefficient at different relative humidity (RH) levels at the three sites: BJ, (black), NJ (red), and GZ 
(blue).
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observed (Figure 9a). Furthermore, the particle size corresponding to the smaller peak significantly increased 
from ∼150 nm (polluted conditions) to ∼200 nm (heavily polluted conditions) (Figure 9b). These results illustrate 
that with increasing RH, non-spherical hygroscopic particles gradually take up water and grow, becoming almost 
spherical, implying the important impact of RH and κ on hygroscopic growth. With an incremental change in 
ALWC, the phase state of aerosols may change from solid or semisolid to liquid, facilitating chemical reactions 
(Kuwata & Martin, 2012). Figure 10a shows that the mass concentration fractions of NO3  − and SO4 2− rose in 
BJ when going from clean to heavily polluted conditions. The corresponding PNSDs switched from having one 
peak at ∼20 nm (clean conditions) to two peaks (polluted and heavily polluted conditions) (Figure 9b), indicat-
ing a change in emission source from local primary aerosols to a mixture of primary and aged particles. These 
together would lead to a rapid enhancement in extinction efficiency (Qs), further enhancing the scattering of 
light by aerosol (Kuang et al., 2016; J. Liu et al., 2020; Y. Wang et al., 2017; Xu et al., 2020). Figure 9d shows 
that the dominant peaks of the PNSDs in NJ significantly changed from ∼100 nm (clean conditions) to ∼150 nm 
(polluted conditions) to ∼200 nm (heavily polluted conditions). This is caused by the continuous formation of 

Figure 9.  Average ambient relative humidity (RH), aerosol hygroscopicity parameter (κ), and depolarization ratio (δp) under 
different pollution conditions in (a) Beijing (BJ), (c) Nanjing (NJ), and (e) Guangzhou (GZ). Average aerosol particle number 
size distributions (PNSDs) under clean conditions (blue), polluted conditions (yellow), and heavily polluted conditions (red) 
in (b) BJ, (d) NJ, and (f) GZ.
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SA (e.g., SO4 2− and NO3 −) with larger particle sizes and stronger hygroscopicity during the development of 
pollution  (Figure 10b). These results demonstrate that similar to BJ, RH and hygroscopicity in NJ also grad-
ually increased with the development of pollution, resulting in particles becoming more spherical and larger 
(Figures 9c and 9d). Figures 9e, 9f and 10c show variations in δp, PNSD, and aerosol chemical composition with 
ambient RH and hygroscopicity under different pollution conditions in GZ. Overall, there was a slight increase 
in RH, hygroscopicity, and aerosol chemical components with the development of pollution compared with BJ 
and NJ. The PNSDs had similar patterns, with a dominant peak for small particles under clean and polluted 
conditions and with similar aerosol chemical compositions dominated by Org (Figure 10c). This shows that the 
aerosol hygroscopic growth had a relatively small influence on Qs and backscattering at this site. In summary, 
the increases in RH and particle hygroscopicity significantly influence the aerosol size, shape, and chemical 

Figure 10.  Average mass fractions of different aerosol chemical components under clean conditions (left column), polluted conditions (middle column), and heavily 
polluted conditions (right column) in (a) Beijing (BJ), (b) Nanjing (NJ), and (c) Guangzhou (GZ).
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composition through the hygroscopic growth process, which in turn affects Qs and the scattering of light by 
aerosol particles.

4.3.3.  Sensitivity of βp to RH, PM2.5, and κ

As discussed in Section 4.3.2, the impact of the PNSD shape on particle backscattering varied little under the 
same environmental conditions (e.g., polluted conditions) in BJ, NJ, and GZ. Also, as described in Section 4.2, 
the humidity, particle concentration, and chemical composition all significantly influenced aerosol backscatter-
ing. However, the averaged aerosol variables and their relative contributions to aerosol backscattering differed. 
Therefore, a quantitative evaluation of the influences of humidity, particle concentration, and chemical composi-
tion on aerosol backscattering under different pollution conditions in BJ, NJ, and GZ is needed.

Absolute variations in aerosol backscattering caused by κ (Figure 11), particle mass concentration (Figure 12), 
and ambient RH (Figure  13) under different pollution conditions in BJ, NJ, and GZ were derived using the 
methods described in Section 3.3. βp changed linearly with particle mass concentration and hygroscopicity under 
clean and polluted conditions in BJ, NJ, and GZ (Figures 11–13). When κ increased by 0.1, βp in BJ, NJ, and GZ 
increased by 6.5, 10.6, and 6.2 Mm −1 (clean), 8.3, 23.2, and 6.8 Mm −1 (polluted), and 55.1, 38.0, and 9.2 Mm −1 
(heavily polluted), respectively (Figure 11). With the generation and development of pollution, aerosol scattering 
in BJ, NJ, and GZ became increasingly sensitive to hygroscopicity. Scattering of light by aerosol in NJ showed 
the strongest sensitivity to aerosol hygroscopicity under clean and polluted conditions, likely because there was 
more highly aged SA formed at that site compared with BJ and GZ, particularly under polluted conditions (e.g., 
NO3 − mass fraction = 31%). The slope slightly increased in BJ because the NO3 − mass fraction changed slightly, 
going from a mass fraction of 18% under clean conditions to 21% under polluted conditions. Note the jump in 
the slope in BJ under heavily polluted conditions, even higher than that in NJ, indicating the significant enhance-
ment of aerosol hygroscopicity due to the explosive growth of a large amount of SO4 2− with the development of 

Figure 11.  Absolute changes in aerosol backscattering coefficient (βp) with aerosol hygroscopicity (κ) in Beijing (BJ), Nanjing (NJ), and Guangzhou (GZ) under (a) 
clean, (b) polluted, and (c) heavily polluted conditions. Slopes of the lines through the points are given in each panel.

Figure 12.  Same as Figure 11 except for absolute changes in aerosol backscattering coefficient (βp) with PM2.5 mass concentration.
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pollution (mass fraction increasing from 10% to 25%). The βp in GZ showed a much weaker sensitivity to aerosol 
hygroscopicity as pollution levels increased, likely because the aerosol chemical composition dominated by Org 
changed little as more pollution formed.

Figure 12 shows that when 10 μg m −3 was added to the particle mass, βp in BJ, NJ, and GZ increased by 7.8, 
8.6, and 6.4 Mm −1 (clean), 7.9, 9.1, and 6.7 Mm −1 (polluted), and 8.3, 9.5, and 6.8 Mm −1 (heavily polluted), 
respectively. Compared with BJ and GZ, the influence of PM2.5 mass concentration on βp in NJ was the strongest 
under clean and polluted conditions. The steady rise of slopes in NJ with the development of pollution suggests 
the continuous formation of highly aged particles. The standard deviation of the particle mass concentration in 
BJ was smaller than that in NJ and GZ, mainly due to the stronger correlation between aerosol backscattering 
and fine-mode particle concentration in BJ. The slight increase in slope from clean to polluted conditions in 
BJ suggests a small enhancement of the sensitivity of particle backscattering to aerosol mass. The pronounced 
increase seen under heavily polluted conditions implies a shift in particle size distribution. βp in GZ showed a 
much weaker sensitivity to aerosol mass, related to the relatively light level of pollution during the observational 
period at this site.

βp changed exponentially with ambient humidity in BJ, NJ, and GZ, similar to how ALWC changed as ambi-
ent humidity increased (Jin et al., 2020, 2022), suggesting the significant influence of particle liquid water on 

aerosol backscattering. Figure 13 shows that the sensitivity of backscattering 
to humidity was the strongest in BJ, followed by NJ, then GZ, the weak-
est. With the formation and development of pollution, βp at all three sites 
showed enhanced sensitivities to the ambient humidity, but their magnitudes 
differed (Figure 13). βp at all three sites increased slightly as the ambient RH 
increased under clean conditions, partly related to local primary particles 
with lower hygroscopicity, leading to weak hygroscopic growth. The increase 
in βp sharpened with a steeper slope in BJ compared with the gentler slopes 
in NJ and GZ, particularly under heavily polluted conditions. This is partly 
caused by the explosive growth of hygroscopic particles that led to heav-
ier pollution periods in BJ. This result demonstrates that ALWC can easily 
form during polluted periods because there are more highly aged particles, 
and higher ambient RH can provide enough water for absorption, facilitat-
ing aerosol hygroscopic growth and further enhancing the scattering of light 
by  aerosol (Z. Wu et al., 2018).

4.3.4.  The Contributions of RH, PM2.5, and κ to Variations in βp

The mean contributions of humidity, particle mass concentration, and chem-
ical composition to variations in backscattering under polluted and heavily 
polluted conditions are shown for BJ (Figure 14), NJ (Figure 15), and GZ 
(Figure  16). Note that of the three factors, particle chemical components 
contributed the least to changes in aerosol backscattering at all three sites 

Figure 13.  Same as Figure 11 except for absolute changes in aerosol backscattering coefficient (βp) with ambient relative humidity (RH).

Figure 14.  Mean contribution fractions (solid dots) of aerosol hygroscopicity 
(κ), PM2.5 mass concentration (PM), and ambient relative humidity (RH) to 
changes in aerosol backscattering coefficient, with boxes showing the 25th, 
50th, and 75th percentiles under polluted conditions (black dots and boxes) 
and heavily polluted conditions (red dots and boxes) in Beijing. Extremities 
show the 5th and 95th percentiles.
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under polluted and heavily polluted conditions. This implies that the particle 
hygroscopic effect due to the enhancement of aerosol hygroscopicity has a 
comparatively weaker impact on aerosol backscattering. Overall, the aero-
sol hygroscopicity, particle mass, and humidity contributed to 27%, 43%, 
and 30%, respectively, of the changes in βp in BJ under polluted conditions 
(Figure 14). This suggests that the accumulation of primary particles had the 
most significant impact on increasing aerosol backscattering, followed by the 
aerosol hygroscopic effect, at the beginning stage of pollution in BJ. During 
this stage, emissions were dominated by primary particles with low hygro-
scopicity (Figure 8), coupled with low ambient RH conditions (Figure 6). 
Aerosol hygroscopic growth was consequently weak at the early stage of 
pollution in BJ. Note that under heavily polluted conditions, pronounced 
increases in the contributions of RH (37%) and κ (31%) to changes in βp 
indicate a significant enhancement of the aerosol hygroscopic growth process 
with the development of pollution in BJ (Figure 14). This is because high 
humidity under heavily polluted conditions can supply sufficient moisture 
for particles dominated by the accumulation mode to absorb, thereby increas-
ing ALWC. This is conducive to the generation of SA and the enhancement 

of the aerosol hygroscopic effect, further increasing ALWC and finally forming a positive feedback loop. This 
implies that heavy pollution formation mainly occurs under high ambient RH conditions during winter in BJ. 
Figure 15 shows that the aerosol hygroscopicity, particle mass concentration, and humidity in NJ contributed to 
29%, 33%, and 38% of the changes in βp under polluted conditions and 32%, 35%, and 33% under heavily polluted 
conditions, respectively. Generally, opposite to that in BJ, the impact of ambient humidity had the most signifi-
cant influence on aerosol backscattering, followed by aerosol loading during the initial period of pollution. The 
influence of the formation of aged particles was the most important during heavily polluted periods in NJ. This is 
partly related to the high ambient humidity and particle hygroscopicity expected to be affected by aged particles 
in the early stage of pollution in NJ. The ambient RH in NJ was generally high during pollution formation and 
development. The explosive growth of NO3 − through heterogeneous chemical reactions under heavily polluted 
conditions resulted in a higher contribution of particle concentration to variations in aerosol backscattering. This 
suggests that the development of pollution is not particularly dependent on ambient humidity and that local emis-
sion controls could significantly reduce aerosol backscattering in NJ.

Figure 16 shows the average contributions of the three factors to backscattering under polluted and heavily polluted 
conditions in GZ. Compared with the other two sites, the fractional contributions of particle hygroscopicity, parti-
cle mass concentration, and humidity to changes in βp differed relatively little between the polluted and heavily 
polluted conditions, that is, the fractional contributions were 25%, 41%, and 34% under polluted conditions and 
23%, 41%, and 36% under heavily polluted conditions, respectively. This suggests that aerosol accumulation had 
a stronger influence on light scattering than aerosol hygroscopic growth under polluted and heavily polluted 

conditions, likely because meteorological conditions and aerosol chemical 
compositions were similar during these two polluted periods in GZ.

5.  Conclusions
Haze is caused by the scattering of solar radiation by aerosols, which is 
dictated primarily by aerosol mass loading, size distribution, chemical 
composition, and meteorology, especially humidity. This study investigates 
the relationships between aerosol backscattering (βp), aerosol liquid water 
content (ALWC), and numerous influential factors [that is, ambient humidity, 
particle mass concentration, particle number size distribution (PNSD), and 
chemical composition] using comprehensive field campaign data acquired at 
three urban sites in China: Beijing (BJ) from 20 December 2018–10 Febru-
ary 2019, Guangzhou (GZ) from 1 November 2019–31 January 2020, and 
Nanjing (NJ) from 1 November 2020–31 January 2021. The respective roles 
and contributions of these factors to variations in βp were examined, quanti-
fied, and compared among the three sites. Given that observations were made 

Figure 15.  Same as Figure 14 except in Nanjing.

Figure 16.  Same as Figure 14 except in Guangzhou.
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during different periods at the three sites, there was no intention to compare their values and seasonal changes. 
The goal is to understand their differences in terms of underlying physical and chemical processes leading to 
haze episodes. Identification and quantification of the relative contributions of aerosols and meteorology to the 
formation of haze are the essential objectives of the study.

Overall, temporal changes in particle backscattering under ambient conditions were consistent with those in 
aerosol liquid water at the three sites, underlining the significant impact of the particle hygroscopic effect 
on particle backscattering. On average, βp in BJ was the strongest (54 ± 68 Mm −1), followed by that in NJ 
(39 ± 28 Mm −1) and GZ (30 ± 17 Mm −1). The average ALWC in NJ was 39 ± 110 μg m −3, much higher than 
that in BJ (15 ± 75 μg m −3) and GZ (9 ± 10 μg m −3). Related to different local emissions and meteorological 
factors, there were notable differences between the three sites. The particle mass concentration in BJ was 
systematically higher than in NJ and GZ, while the ambient RH and aerosol hygroscopicity in NJ were higher 
than those in BJ and GZ. The significant disparities in particle backscattering and ALWC among the sites 
were primarily caused by differences in aerosol mass concentration, as indicated by the correlation analyses 
between backscattering and particle mass concentration, although other factors may dominate under certain 
circumstances. Backscattering was highly correlated with particle mass concentration in BJ and GZ but poorly 
correlated in NJ, likely linked to the influence of ALWC. The formation of heavy pollution in BJ was chiefly 
associated with high humidity, leading to high ALWC and aerosol mass concentrations. Different from BJ, the 
formation of pollution in NJ was independent of ambient humidity, with a much higher ALWC modeled under 
both clean and polluted conditions. These results demonstrate the different formation mechanisms of heavy 
haze between BJ and NJ.

The potential impact of the particle size distribution on backscattering was also evaluated according to Mie 
scattering theory, showing that the particle size distribution in BJ and NJ had noticeably stronger influences on 
particle backscattering than in GZ. The influences of humidity and aerosol chemical composition on hygroscopic 
growth under different pollution conditions at the three sites were also investigated. Sharply enhanced relative 
humidity (RH) and particle hygroscopicity can significantly influence the size, shape, and chemical composition 
of aerosol particles through hygroscopic growth.

Distinct differences in the sensitivity of particle backscattering to related factors at the three sites under the 
same pollution conditions were demonstrated. βp was more sensitive to aerosol hygroscopicity and mass 
concentration in NJ than in BJ and GZ and more sensitive to RH in BJ than in NJ and GZ. Finally, differences 
in the relative contributions of humidity, particle concentration, and aerosol chemical composition to varia-
tions in backscattering at the three sites under polluted and heavily polluted conditions were evaluated. Particle 
hygroscopicity contributed relatively the least to changes in backscattering under all pollution conditions at the 
three sites. This implies that the particle hygroscopic effect caused by the enhancement of aerosol hygroscopic-
ity had a relatively weaker impact on aerosol backscattering. The largest contributor to the variability in βp in 
BJ changed from particle mass under polluted conditions to ambient RH under heavily polluted conditions, 
implying that the formation of heavy pollution is dependent on high humidity in BJ. The largest contributor to 
the variability in βp in NJ changed from ambient RH under polluted conditions to particle concentration under 
heavily polluted conditions, indicating that the development of pollution is not particularly dependent on the 
ambient humidity in NJ. There were smaller differences in the contributions of aerosol chemical composition, 
particle concentration, and humidity to changes in βp between polluted and heavily polluted conditions in GZ 
than in the other two sites. Both pollution conditions were dominated by aerosol accumulation, related to simi-
lar meteorological and aerosol chemical composition conditions during the two polluted periods. Our results 
suggest that local control measures taken during severe pollution episodes can efficiently reduce aerosol mass 
concentrations in NJ and GZ. However, this might not be the case in BJ. This has significant implications 
for making sound policies in combating air pollution by accounting for the diverse formation mechanisms of 
heavy haze among the three sites.
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Data Availability Statement
Aurora-3000, ACSM, and SMPS datasets can be downloaded from the following link: http://dx.doi.org/10.17632/
ryjfhn4dn5.1 (X. Jin, 2022). In situ measurements can be downloaded from the following link: https://www.aqis-
tudy.cn/ (China MEP, 2013).
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